Secondary flow cells are commonly observed in straight laboratory channels, where they are often associated with duct corners. Here, we present velocity measurements acquired with an Acoustic Doppler Current Profiler in a straight reach of the Seine river (France). We show that a remarkably regular series of stationary flow cells spans across the entire channel. They are arranged in pairs of counter-rotating vortices aligned with the primary flow. Their existence away from the river banks contradicts the usual interpretation of these secondary flow structures, which invokes the influence of boundaries. Based on these measurements, we use a depth-averaged model to evaluate the momentum transfer by these structures, and find that it is comparable with the classical turbulent transfer.
Secondary flow cells are commonly observed in straight laboratory channels, where they are often associated with duct corners. Here, we present velocity measurements acquired with an Acoustic Doppler Current Profiler in a straight reach of the Seine river (France). We show that a remarkably regular series of stationary flow cells spans across the entire channel. They are arranged in pairs of counter-rotating vortices aligned with the primary flow. Their existence away from the river banks contradicts the usual interpretation of these secondary flow structures, which invokes the influence of boundaries. Based on these measurements, we use a depth-averaged model to evaluate the momentum transfer by these structures, and find that it is comparable with the classical turbulent transfer. They appear in rapid granular flows 1 , in Rayleigh-Bénard-Poiseuille flows 2 , in the superficial layers of sea and lakes 3 , in straight tubes 4, 5 , as well as in straight channels and natural rivers [6] [7] [8] .
In laboratory channels, a broad spectrum of instruments provide detailed measurements of the velocity field. They reveal secondary flow structures in the plane normal to the primary flow 6, 7, 9, 10 , among which are the stationary helicoidal flows observed in straight channels (Prandtl refers to them as "secondary flow of the second kind " 11 ). They were originally associated with duct corners 10, 12, 13 , where they were attributed to the turbulence anisotropy 3, 12, [14] [15] [16] [17] . Recent experiments reported their existence in wide channels (aspect ratio of about 10), where they arrange themselves as pairs of counter-rotating vortices aligned with the stream direction 6-8 .
To our knowledge, secondary flow cells have never been measured in very wide channels -the only configuration which separates unambiguously recirculation cells from corner vortices. Alluvial rivers are typically wide and shallow, with an aspect ratio of a few tens 18 .
Therefore, a significant proportion of their flow should be free from the influence of the banks. Nonetheless, various indirect observations such as sediment streaks 10, 19, 20 or fluctuations in the suspended particles concentration 21 have been associated to secondary flows in alluvial streams. There is however no clear consensus on the physical origin of these patterns 10, 19, 20 .
To identify directly secondary flow cells in rivers, we need accurate measurements of the velocity field. Unfortunately, because they require heavy infrastructures, laboratory measurement techniques are of delicate use in the field. Instead, many river studies involve Acoustic Doppler Current Profilers (ADCP). An ADCP emits a diverging bunch of ultrasonic beams from a single source. The three-dimensional velocity field is then reconstructed from the measured radial velocities, thus making it possible to record velocity profiles with a light measurement setup. Due to the divergence of the beams, the velocity reconstruction relies on the assumption that the flow is uniform in the horizontal plane. This configurational limitation generally precludes ADCPs from measuring flow structures smaller than the water depth 22 .
Recirculation cells, however, are still accessible to ADCP measurements, since they are streamwise invariant and stationary. Here we use these properties to identify recirculation cells in a straight reach of the Seine river (France). At this location, the river is wide and deprived of bed sediment, thus limiting the possible causes of recirculation. Based on these measurements, we then evaluate the momentum transfer by secondary flow cells, and compare it to the classical turbulent transfer.
II. MEASUREMENTS A. Acoustic Doppler Current Profiler
Our ADCP (model RDI-Workhorse 1200 kHz) emits four divergent acoustic beams. Each beam measures the radial velocities u r every 25 cm through the water column. The beam angle with respect to the vertical direction is α = 20
• . Consequently, the distance 2l cor between opposite beams is proportional to the measurement depth h:
Used conventionally, an ADCP computes the Cartesian components of the velocity field (u x , u y and u z ) from the four radial velocities (figure 1b). For instance, to get the streamwise velocity u x at a depth h, it uses the radial velocities from beam 3 and beam 4 (figure 1b).
The radial velocities u r,1 and u r,2 are decomposed as follows:
where u z,n and u x,n are respectively the vertical and the streamwise velocity in the n-th bins of each beam. This procedure relies on the assumption that the flow is uniform in the horizontal plane 23 :
The streamwise velocity at deph h thus reads u x = (u r,3 − u r,4 )/2 sin(α). Similarly, beam 1 and beam 2 provide the transverse velocity u y 24 .
The uniformity assumption proves reasonable to measure integrated quantities, such as the river discharge, or large flow structures. However, due to the large tilt angle α of a beam, the correlation length l cor is of the order of the flow depth (equation 1, figure 1) . Therefore, it cannot detect flow patterns smaller than the flow depth 22 . This precludes ADCPs from measuring the complete velocity field associated to secondary flow cells in a river.
In a straight channel however, we expect the average flow to be uniform in the streamwise direction, even in the presence of stationary helicoidal cells. The uniformity assumption therefore holds along the primary flow and, in principle, we can calculate the vertical velocity of secondary flow cells from the two acoustic beams aligned with the flow (beam 3 and beam 4 in figure 1a ) 25, 26 .
Secondary flow cells are weak stationary eddies in a highly turbulent flow. We thus need to average the velocity field over time to reveal them. In addition, since the uniformity assumption holds only on average, our experimental setup can only measure the average velocity field in the vertical streamwise plane (x, z). We define the average velocity as
where i denotes the coordinate x or z, and T is a time period long enough to average out the We acquired three data sets at the same location and at comparable discharges (January 
A. Streamwise velocity
To visualize the primary flow, we define the depth-averaged streamwise velocity as
where H is the water depth. The primary velocity appears roughly constant around the center of the channel, and slows down near the banks (figure 3a). As a result, the velocity profile is curved over about two thirds of the river width. Since the water depth is virtually constant across the river, this profile suggests that the flow transfers streamwise momentum to the banks. Similarly, the weak spatial oscillation of the streamwise velocity across the river suggests that periodic upwelling brings slow water from the bottom to the surface ( figure 3a) .
B. Vertical velocity
The streamwise velocity profiles suggests that secondary flow cells exist across the entire channel. We now turn our attention to the vertical velocity, which provides direct insight on such flow structures (figure 4).
To reduce the scatter, the data set is divided into 2 m-wide bins. The vertical velocity is then averaged over each bin, and the standard deviation within a single bin provides an estimate of the error on the mean. The mean vertical velocity shows periodic oscillations across the river, with an amplitude significantly larger than the measurement error. As expected, the average vertical velocity across the channel vanishes, indicating that the vertical motion of the raft does not perturb significantly the measurements.
Despite considerable scatter, both the amplitude and the wavelength of this oscillation are roughly constant over the right-hand half of the river (the duration of the high-flow conditions did not allow measurements across the entire channel). They also show a reasonable consistency between data sets collected one year apart. 
IV. MOMENTUM TRANSFER BY RECIRCULATION CELLS
In this section, our intention is to quantify the contribution of secondary flow cells in transporting momentum across the flow. To do so, we use a heuristic model to include the advection by secondary flow cells in the streamwise momentum balance. 
A. Momentum balance
In steady state, the Reynolds-averaged Navier-Stokes equation for streamwise momentum
where g, S and ρ are the acceleration of gravity, the river slope and the density of water respectively. The repeated j index implies summation over the transverse y and vertical z coordinates. The brackets denote ensemble average and τ x,j is the stress tensor, including the Reynolds components.
In a rectangular channel with a steady free surface, the integration of equation (6) over depth leads to ∂ ∂y
In the above equation, the left-hand term represents the cross-stream momentum transfer by the conjugate action of the secondary flow and turbulence 9 . Even though the two integrands ρ u x u y and τ y,x can be isolated formally, they are physically interdependent.
The bottom shear stress τ bottom is often empirically approximated by a friction law:
where U is the mean velocity and C f is a friction coefficient.
9

B. Turbulent transfer of momentum
We first consider the contribution of turbulence to the cross-stream transfer of momentum. Discarding temporarily the influence of the secondary flow, we use an empirical eddy viscosity ν t to get a rough estimate of the turbulent transfer:
Based on laboratory and field measurements, the vertical profile of eddy viscosity in an open channel is often approximated by a parabola 10,28-30 :
where κ is the von Kármán constant and u ⋆ is the friction velocity defined as ρu 2 ⋆ = τ bottom . In an infinitely wide channel (that is, without any flux of momentum across the stream), the velocity profile resulting from equation (6) with a turbulent viscosity closure (10) is logarithmic:
where z 0 is the roughness length.
In a bounded channel, on the other hand, momentum is transferred from the flow bulk to the banks and, strictly speaking, equation (11) does not hold. However, if the channel aspect ratio is sufficiently large, we may assume that the vertical velocity profile remains logarithmic, in tune with the classical shallow-water approximation:
where U (y) is the depth-averaged velocity.
Based on equations (9) and (12) , the cross-stream flux of momentum associated to the Reynolds stress tensor then reads
where B depends on the ratio of the water depth to the roughness length only: Using the above expression to model the cross-stream momentum transfer, the momentum balance (7) reads
To evaluate B from equation (14), we need an estimate of the roughness length z 0 . Fit- Assuming that the momentum transfer is limited by convection within the cells, we expect it to scale like ρH U t (U − − U + ) where U − and U + stand for the streamwise velocity left and right of a cell, respectively (figure 6). If the streamwise velocity varies on scales much larger than the water depth, we can approximate the velocity difference across a cell by a gradient, namely U − − U + ≈ H∂U/∂y. This approximation is valid only in channels much larger than their depth, which is usually true for alluvial rivers 18 .
Finally, based on prior experimental observations 7,10 and on the measurements presented in section III, we assume that the velocity of the secondary flow scales like that of the primary flow:
where C d ≈ 0.003 ± 0.001. The momentum balance then reads
This expression is similar to equation (15), except the dimensionless coefficient C d is substituted for BC f .
D. Comparison with field data
We now proceed to compare the estimates of the cross-stream flux of momentum to our field measurements in the Seine river. Equations (15) and (17), with the requirement that the velocity vanishes at the banks, share the following analytical solution:
where
The diffusion length L t determines the inflection of the velocity profile near the banks. Its mathematical expression depends on the cross-stream diffusion model:
(no secondary flow, equation (15)) (20)
(with secondary flow, equation (17)).
We evaluate the parameters U ∞ ≈ 1.2 m s −1 and L t ≈ 14 m by fitting equation (18) to the data (figure 7). The resulting shape of the velocity profile accords reasonably with the data. Since the the slope of the Seine river in Paris is about 10 −4 , we find C f ≈ 0.0042 ± 0.0001, which is consistent with classical empirical formulas 33, 34 . The estimation of U ∞ , and therefore of C f , is virtually independent from the value of the diffusion length L t .
Based on our estimate of C f and on relations (20) and (21), we can calculate the diffusion length for the two diffusion models:
L t ≈ 3.7 ± 0.6 m (with secondary flow).
The estimated diffusion length is similar for both models, and about three times smaller than the fitted value. Therefore, the two diffusion models not only share the same mathematical expression (equations (15) and (17)), but also involve similar constants. We thus expect the turbulent transfer of momentum to be comparable with the transfer induced by the secondary flow.
The similarity between the two transfer mechanisms implies (i) that recirculation cells cannot be neglected in the momentum balance, and (ii) that the momentum transfer by the recirculation cells cannot be distinguished from the turbulent transfer in the shallow-water framework presented here. In rivers, the momentum distribution determines stress on the bed, and therefore controls sediment transport and bed erosion. In addition, secondary cells are likely to enhance the horizontal mixing of passive markers, such as suspended particles, temperature or solutes 35 .
Finally, beyond open-channel flows, similar recirculation cells appear in a variety of turbulent sheared flows, such as longitudinal streaks in boundary layers 36,37 , Langmuir circulations below the wind-blown surface of lakes and oceans 38 , or even granular flows 39 . To this day, we do not know how many of these phenomena share a common physical origin, if any.
